While over the past years the syntheses of colloidal quantum dots (CQDs) with core/shell structures were continuously improved to obtain highly efficient emission, it has remained a challenge to use them as active materials in laser devices. Here, we report random lasing at room temperature in films of CdSe/CdS CQDs with different core/shell band alignments and extra thick shells. Even though the lasing process is based on random scattering, we find systematic dependencies of the laser thresholds on morphology and laser spot size. To minimize laser thresholds, optimizing the filmforming properties of the CQDs, proven by small-angle X-ray scattering, was found to be more important than the optical parameters of the CQDs, such as biexciton lifetime and binding energy or fluorescence decay time. Furthermore, the observed systematic behavior turned out to be highly reproducible after storing the samples in air for more than 1 year. These highly reproducible systematic dependencies suggest that random lasing experiments are a valuable tool for testing nanocrystal materials, providing a direct and simple feedback for further development of colloidal gain materials toward lasing in continuous wave operation.
C olloidal quantum dots (CQDs) based on CdSe nanocrystals covered by protective inorganic shells are an attractive material system due to their simple fabrication in solution, their size-adjustable optical properties, and their high environmental stability. 1À11 They also exhibit a preeminent photoluminescence (PL) quantum yield, 12À14 which suggested their use as nanophotonic light sources, for example, as fluorescence markers for biolabeling 15À19 and as active material in quantum-dot-based lightemitting diodes, 20À25 or to study the emission of single photons 26À28 in quantum-optical systems. In contrast to these applications based on spontaneous emission, CQDs exhibit severe drawbacks with respect to bulk semiconductors or nanoparticles of higher dimensionality (rods 29 and platelets 30, 31 ) in laser devices. This is because in CQDs the desired population inversion effectively dissipates by nonradiative Auger recombination, whose efficiency increases rapidly with decreasing dot radius r by 1/r 3 , and competes with the stimulated emission. 32À34 Thus, stimulated emission from CQDs is observed solely under intense, pulsed laser excitation. Contradictory statements are reported concerning the optimum density of the CQDs in the gain material. While initial gain measurements were presented in dense CQD films, 35 laser emission has also been reported subsequently in droplets of diluted CQD solutions 36 or for a small number of CQDs dispersed on the surface of silica-based, toroidal microresonators. 37 Interestingly, for the latter case, record threshold energy densities have been achieved, which are about 3 orders of magnitude lower than those reported for the initial lasing experiments, performed on densely filled glass capillaries (at 77 K), used as ring resonators (see Table S1 ), even though similar CQD materials have been used. Significantly improved laser performance has been achieved by making use of especially designed core/shell nanoarchitectures with engineered excitonÀexciton interactions, which were used to circumvent Auger recombination in CQDs due to excitonÀexciton repulsion. 38 Thus, laser thresholds depend on a combination of material-related as well as CQD-specific parameters, which aggravates any systematic screening for optimized nanocrystal-based laser materials by measuring thresholds of individual laser devices.
Besides conventional lasers with judiciously engineered optical resonators, random lasers recently attracted a lot of attention, due to a set of appealing properties. 39À52 In random lasers, the optical feedback is provided by disorder-induced light scattering, for instance, achieved by mixing scattering particles into a laser-gain material. 43 In such mixtures, the light confinement is realized by the disorder scattering. The multiple scattering events involved in this process give rise to highly complex modes which can nevertheless result in narrow emission peaks. 43 Modal interactions through the gain medium in such lasers can be extremely strong, leading to a uniformly spaced frequency spectrum. 44 Random lasing is expected to have advantages in comparison to conventional lasing in illumination purposes as, for example, speckle-free images 50 using suitably designed random lasers with low spatial coherence. Controlling random lasers is a challenging problem on which, however, much progress has been reported recently. 39À41,45,47,53 Quantumdot-based random lasing has already been observed in CdSe/ZnS coreÀshell CQDs, by depositing them on glass substrates with roughened grooves. 54 In this case, the rough surfaces of the grooves are considered to be important for enabling laser feedback, and a threshold fluence of 25 mJ/cm 2 is reported.
In this work, we present a systematic and thorough investigation of CQD-based random lasing, while an earlier report 54 only provides principle evidence that random lasing in CQDs is feasible. Our samples are uniform films of CdSe/CdS CQDs on planar glass substrates. By scanning the sample and recording laser thresholds at various positions, we find a systematic and highly reproducible relation between laser threshold and sample morphology, quantified in terms of stray light from the films under microscopic dark-field illumination, film roughness, degree of ordering of the CQDs in the films, and their density. The experiments were performed for coreÀshell CQDs with attractive as well as with repulsive excitonÀexciton interactions. Even though the latter type exhibits in solution the most promising optical parameters (highest photoluminescence quantum yield, the longest biexciton decay time, and the longest exciton lifetime), we find for them in films laser thresholds higher than those for the CQDs with attractive excitonÀexciton interactions. This highlights the important role of film morphology, which is influenced by other parameters such as CQD shape or amount of added ligands. Since the laser performance sensitively depends on all of these parameters, CQD-related and film-morphology-related ones, at the end, only lasing experiments are really suitable for selection of optimized materials for laser developments. While material evaluation by studying conventional laser devices is rather difficult, because the laser thresholds will be greatly affected by the choice of the used optical resonators, random lasing experiments might serve as a powerful tool for material selection because they provide reproducible dependencies on film morphology and laser spot size. These dependencies show essentially flat regions for laser spot sizes of >5 Â 10 À4 cm 2 and a film roughness of >600 nm, making this parameter range the most suitable for material evaluation, as shown below.
RESULTS AND DISCUSSION
To achieve population inversion, which is a prerequisite for the occurrence of laser emission, highly intense optical excitation is usually required, 35, 36 which eventually causes damage to the nanocrystal materials. Therefore, in this study, highly emissive CdSe/CdS coreÀshell nanocrystals were used, which are protected by extra thick shells. In particular, three types were investigated, namely, (i) CdSe nanocrystals with a zinc blende structure and a shell of CdS grown by "successive ion layer adsorption and reaction" (SILAR), 4 whereby 8 layers were adsorbed (henceforth called SILAR I sample); (ii) CdSe nanocrystals as before, but with 15 monolayers of CdS (called SILAR II); and (iii) CdSe nanocrystals with wurtzite structure and a highquality shell of CdS, grown by a slow co-injection of the Cd and S precursors, as was developed by Chen et al. 8 (this sample we call "co-inject" in the following; for the synthesis, see the Methods section, and for microscope images, see Figures S1 and S2). Here, both shell types were found to provide high environmental stability, so that all samples could be reproducibly measured while kept and stored in air. The CQDs SILAR I and SILAR II have a core diameter of 3.55 and 3.6 nm, respectively, and display different shell thicknesses, namely, 2.33 and 4.37 nm. These CQDs exhibit PL quantum yields of ARTICLE 44 and 53% in solution. For the co-inject CQDs with a core diameter of 3.1 nm and a shell thickness of 2.6 nm ( Figure S2 ), an even higher quantum yield of 69% was found, which is typical for high-quality core/shell nanocrystal quantum dot materials. 2, 3, 8 As device structures for lasing experiments, thin nanocrystal films were deposited by doctor blade casting on glass substrates, which then act as two-dimensional (2D) optical waveguides. To evidence the lasing capability of both the nanocrystal materials and the films with thicknesses on the order of 1À2 μm, we first measured amplified spontaneous emission (ASE) in a stripe geometry. 55 Under pulsed excitation (532 nm, ∼8 ps pulses), all studied CdSe/CdS CQDs exhibited a PL maximum close to 630 nm. Above a certain threshold, an additional narrow peak evolved, caused by amplified spontaneous emission ( Figure 1aÀc ). While the PL is associated to single exciton (X) emission, the ASE is associated with emission from biexcitons (XX), evidencing a population inversion and gain in CQDs. 35 The ASE peak of the sample SILAR I is red-shifted with respect to the PL center by 43.5 meV ( Figure 1a ). This red shift indicates a positive biexciton binding energy, due to attractive excitonÀexciton interactions, as is typically found in core/shell CQDs with a type-I band alignment. 38 In sample SILAR II, the ASE is found to be close to the center of the excitonic PL peak (Figure 1b ), which is attributed to a biexciton with vanishing binding energy, indicative of a quasi-type-II band alignment between the core and shell material. Alternatively, the ASE peak on top of the PL maximum could also be ascribed to optical gain from the single excitons. In this case, according to Klimov et al., 38 a second ASE peak should appear at higher pump intensities due to biexcitons. In our experiments, however, even up to the maximum available pump energies of 0.5 mJ, no such second peak could be observed. In addition, the threshold intensity for ASE for this sample was found to be close to that of SILAR I, for which the assignment of the ASE peak to biexcitons is not in question. Furthermore, transient pumpÀprobe experiments confirmed this assignment, by exhibiting a biexponential decay due to a fast XX decay (134 and 202 ps biexciton decay times are found for SILAR I and SILAR II films, whereas longer times of 202 and 283 ps are measured in solution) and a much slower X recombination ( Figure S3 ). Essentially, this interpretation is in agreement with Cihan et al. 56 In contrast to the SILAR samples, the co-inject sample ( Figure 1c ) exhibits a blue-shifted ASE peak. This blue-shifted ASE results from a repulsive excitonÀexciton interaction, which is known to occur in core/shell CQDs with a type-II band alignment. The type II is considered to be beneficial with respect to Auger recombination, whose rate is reported to be reduced compared to that in type-I core/shell CQDs 57 (due to the charge separation between the core and shell material). Here we found indeed the longest biexciton decay times for the co-inject sample (270 ps in film and 470 ps in solution; Figure S3 ), making this sample the most promising for lasing experiments. Furthermore, the radiative lifetime of the single exciton should be prolonged, due to the reduced overlap between electron and hole wave functions. Indeed, in the co-inject sample, the X decay time is up to three times longer than that in the SILAR samples (τ X = 19 ns is measured in films for co-inject, 13.8 ns for SILAR II, and 4.5 ns for SILAR I, Figure S4 ). Such an increase in lifetime for increasing charge separation is similar to those previously reported for type-I/type-II CQDs of CdTe/CdS or CdTe/CdSe 58 or of CdTe/ZnS, 59 and it again suggests that the co-inject material is the best for lasing experiments.
Random Lasing Supported by Plasmonic Gold Nanostars. The conventional approach toward random lasing is to immerse an arrangement of scattering particles into an optical gain material, where the particles provide the required optical feedback by causing multiple scattering events. Thus, in a first attempt to achieve random lasing in CQD films, we made use of gold nanoparticles, integrated into the wave-guiding SILAR I CQD film, similar to that reported previously. 60, 61 To efficiently scatter the emission from the CQDs, the plasmon resonance of the gold nanoparticles needs to overlap with the CQD PL spectrum. Thus, we have chosen star-shaped gold nanoparticles that exhibit a broad extinction maximum at 647 nm due to Rayleigh scattering 62 close to the CQD's PL peak (Figure 2a ). The ∼100 nm large gold nanostars ( Figure 2c ) were deposited from a dilute solution on a glass substrate prior to the deposition of the CQD film to obtain a waveguide containing a random distribution of plasmonic scattering centers. These centers are clearly observed in the optical microscope image in Figure 2b , obtained under Figure 1 . Amplified spontaneous emission. Under pulsed laser excitation and measured in stripe geometry, the CdSe/ CdS core/thick-shell CQD films exhibit narrow emission peaks on top of the broader excitonic photoluminescence (X). The narrow peaks are caused by amplified spontaneous emission from biexcitons (XX). The wavelength shift between X and XX maxima is associated with the biexciton binding energy, E bind , which is (a) >0, due to attractive excitonÀexciton interactions in CQDs with type-I band alignment (sample SILAR I), and (c) <0 in type-II CQDs with repulsive XÀX interaction (co-inject sample). In panel b (sample SILAR II), the exciton binding energy almost vanishes. In addition, the normalized film absorbance (gray dashed line) is presented. The 1S absorption maximum of the co-inject sample occurs at the ASE peak, counteracting stimulated emission.
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dark-field illumination. The CQDÀgold nanostar composite film was excited by 1.3 ns laser pulses (532 nm, 100 Hz repetition rate), which were only moderately focused to a 200 μm diameter spot, to overcome a critical minimal gain volume. 43 The emission spectra, collected in backscattering geometry, exhibited unmistakable signatures of lasing behavior (Figure 2d ). Narrow emission peaks appeared above a threshold intensity of 16.6 mJ/cm 2 . With increasing intensity, the number of spectrally narrow laser modes increased, and for a pump intensity of 31 mJ/cm 2 , a rather symmetrical emission spectrum was observed, with a spectral distance between the individual lasing modes of ∼0.7À0.9 nm and line widths around 0.3 nm. The threshold behavior is further evidenced by the kink in the dependence of the peak intensity as a function of the pumping intensity (the inset of Figure 2d shows the maximum amplitude of the PL spectra). Therefore, we conclude that our CQD films clearly show the hallmarks of a random laser.
Random Lasing from Pure CQD Films. The random lasing described above can be attributed to the feedback caused by multiple scattering events at the incorporated plasmonic gold nanostars. However, we also observed random lasing in CQD films that do not contain any additional scattering centers. In this case, any variation of the refractive index within the film waveguides causes the scattering that is required to provide an optical feedback. These variations can be weak and can be caused simply by slight variations of the film thickness, or these variations can be abrupt and caused by cracks or ridges in the film that are formed during evaporation of the solvent. Small-angle X-ray measurements (discussed below) also reveal some 3D ordering of the CQDs in the films (facecentered cubic lattice in the co-inject sample with finite dimensions), which indicates the presence of aggregates embedded in an otherwise unordered film. These aggregates also can act as scattering centers. As a result, a 25-fold higher repetition rate of the excitation laser (2.5 kHz instead of 100 Hz) could be used because the CdSe/CdS core/shell nanocrystals turned out to be substantially more stable under intense laser excitation than the gold nanostars. The latter showed the tendency to melt when more energy is deposited, due to the higher repetition rates. The pure CQD films also exhibited a clear lasing behavior, as is shown in Figures S5 for SILAR I CQDS and in Figure 3a for SILAR II CQDs. For both cases, the threshold intensity was similar and lower as compared to the value achieved with gold nanoparticle scattering. In Figure 3a , the lasing threshold is reached at a pump intensity of 2.2 mJ/cm 2 , above which a first narrow mode appears at a wavelength of 642 nm, right in the center of the ASE spectrum of this sample (Figure 1b ). When the pump intensity is further increased, additional lasing modes emerge, whose line widths (<0.2 nm) were limited by the spectrometer resolution. The modes (a) SILAR II CQD films exhibit narrow laser modes just above the threshold intensity, whereas the giant shell film in (b) exhibits an amplified spontaneous emission spectrum above the threshold. This different behavior points toward a different scattering mechanism being responsible for the random lasing. Experiments were performed by <1.3 ns laser pulses with a repetition rate of 2500 Hz. The insets present characteristic threshold curves with threshold intensities of (a) 2.2 mJ/cm 2 and (b) 14.5 mJ/cm 2 , measured with a size of the excitation spot of 3.1 Â 10 À4 cm 2 (r = 100 μm). 
were rather stable, and their shift from subsequently taken spectra was in the range of their line width. This is shown in Figure S6a , exhibiting spectra collected for single excitation pulses (the data shown in Figures 2 and 3 are integrated over many excitation pulses). However, strong mode competition is observed, with increasing pump power; some modes became suppressed, whereas others became more pronounced (Figure 3 ). This can be ascribed to both the spectral and the spatial overlap of random laser modes. 44 The multimode spectrum observed in our samples also shows variations from shot to shot, corresponding to previous observations along the same lines. 63 The sensitivity with respect to a slight modification in the pump is clearly evidenced by the set of spectra measured for single pulse excitations (see Figure S6a ). Further, the spacing between the modes was similarly pronounced, as in the case of the nanostar-supported random lasing (Figure 2d and Figure S5a ).
In contrast, the random lasing in a film of the coinject sample shows a different behavior (Figure 3b ). In this case, just above the lasing threshold, the spectra do not exhibit individual narrow peaks but rather form a shape like the ones in the ASE measurements of the same sample (Figure 1c ). Only at excitation intensities substantially higher than the threshold, individual modes appear in the spectra (which are integrated over many excitation pulses). Also, the spectra collected after single pulse excitation show a behavior slightly different than that for the SILAR I and II samples, in that the spectral positions of some of the modes vary from pulse to pulse, and the mode distances are rather irregular ( Figure S6b ). We attribute the spectral behavior of the co-inject sample showing the ASE-like laser spectra to a lack of spatial coherence, which indicates the origin of scattering to be different than that of the SILAR I and II samples. To unravel these differences, the surface morphology of the films was investigated by atomic force microscopy (AFM) (see Figure 4 ), and indeed, different film-forming properties were observed for the SILAR samples and the co-inject sample. While the co-inject sample exhibited a substantial film roughness and showed distinct pits with varying size and shapes spread all over the CQD film, the SILAR samples were much smoother and practically exhibited no pits. Instead, the SILAR films exhibited cracks and ridges, formed during solvent evaporation. Both the pits and the cracks (ridges) cause light scattering and thus may act as randomly formed resonators. We attribute the differences in the film morphology of the co-inject samples and the SILAR samples to the different CQD shapes and eventually to a different ligand coverage. The film morphology was studied in depth by grazing incidence smallangle X-ray scattering (GISAXS) measurements. Twodimensional diffraction patterns were recorded slightly above the critical angle of around 0.3°, as calculated by assuming a homogeneous CdSe/CdS film. For all samples (reference samples on Si substrates were used, prepared identical to those used for the lasing experiments), several radial symmetric diffraction half-rings were observed, corresponding to powder-like ordering of crystalline domains ( Figure S7 ). After azimuthal integration of the two-dimensional GISAXS pattern, we obtained 1D spectra, where the scattered intensity is plotted over the reciprocal scattering vector Q (symbols in Figure S8 ). The clearly visible diffraction peaks indicate the formation of ordered CQD aggregates. In this respect, the co-inject sample exhibits the highest degree of ordering because its 1D spectrum exhibits the most and strongest peaks. For a quantitative analysis, the 1D GISAXS spectra were fitted by a model, assuming aggregation of polydisperse hard spheres as described for nanocrystals, 68 with a close packing up to a volume fraction of 0.64. The model assumes that the form factor describing the scattering of the individual particles P(Q) and the structure factor S(Q), which describes the influence by particle arrangement, can be separated. 69 We derived as a one-fit parameter the total volume fraction, which includes the inorganic QDs together with their surrounding ligands. For all three samples, a value close to 0.64, which is the maximum value for fractal aggregates, was found, indicating that the CQD films are close to a ARTICLE crystalline ordered lattice. The main result of this fit procedure, which excellently describes the data in Figure S8 , is the separated pair distance distribution functions p(r) and the structure factors S(Q), as shown in Figure S9 . While the first function provides information about the maximum inorganic particle dimensions (8, 14 , and 10 nm are deduced for SILAR I, SILAR II, and co-inject, respectively) and particle shapes, the second provides the mean particle separation including inorganic CQD diameter and organic ligand length. Dividing the deduced inorganic particle volume by the total particle volume (inorganic plus ligands), we calculated the inorganic CQD contribution to the total volume fraction, which is very high in the case of sample SILAR II (90%), moderately high for SILAR I (70%), and substantially lower for the co-inject sample. For the latter, dependent on the assumed particle shapes, values for the inorganic volume contribution between 9% (tetrahedral pyramides) and 50% (spherically shaped analogues) are obtained. The combination of high ordering and low inorganic volume fraction in the films of the co-inject sample indicates that the CQDs form aggregates which are separated by excess organic ligands. This is in agreement with the different surface topography observed by the AFM and will also affect the lasing properties of the thin film samples.
Threshold Dependence on Film Morphology. A typical feature of random lasing is a strong dependence of the laser threshold on the size of the pump spot. 43 This is caused by the increase of the return probability of the propagating light, with increasing excitation area. In Figure 4a , the threshold intensity with respect to the pump spot size is reported for both sample types SILAR I and co-inject (SILAR II is omitted in the following discussion because it essentially provides the same threshold powers as SILAR I). The measurement was performed with a stripe-shaped excitation, whose length was gradually decreased, and the threshold behavior measured. The theory predicts an exponential decrease of the threshold intensity for an increase of the amplification volume, 43 which is in good agreement with our results. Furthermore, we find a systematically higher threshold power for the co-inject sample than for the SILAR sample. Taking into account the optical properties of the CQDs only, we describe above the biexcitonic and excitonic properties, the higher threshold power for the co-inject sample is rather surprising because it exhibits the best optical properties for lasing among the three studied sample types. This observation underlines that the morphological properties of the films are also important for the random lasing behavior. An obvious morphological reason for the higher threshold in the co-inject sample is the smaller volume fraction of the pyramidal-shaped co-inject CQDs in the film, which was deduced by the small-angle X-ray measurements described above to be substantially lower than those of the SILAR samples.
Another reason might be the blue-shifted XX emission with respect to the PL peak because the biexciton emission is overlapping more with the absorption band of the single excitons than in the case of the type-I band alignment (SILAR I). The higher threshold in the co-inject sample we found also to be consistent with the analysis of the mean distance (the mean length that the laser light travels in the film before it is scattered out from the waveguide and leaves the sample). This length is deduced from averaged fast Fourier transformation (FFT) of laser spectra, excited under single pulse excitation. For the co-inject sample, this length was found to be substantially shorter than that for the SILAR I and SILAR II samples (80 ( 20 μm for co-inject sample versus 108 ( 7 and 114 ( 20 μm for the SILAR samples, Figures S10ÀS12), resulting in higher threshold powers according to laser theory. For the SILAR I sample, an outstanding low threshold intensity of 360 μJ/cm 2 was observed for an excitation spot size of 55 μm Â 3 mm, corresponding to a power density of 185 kW/cm 2 . This value represents, to the best of our knowledge, the lowest threshold observed for any random laser based on a CQD material (see Table S1 ).
As highlighted above, the surface morphology of the films plays an important role in random lasing, and in fact, it has an important influence on the threshold intensity. To find relations between surface morphology and lasing properties, substrates with metallic markers were used. The markers allowed circular laser spots to be adjusted with a diameter of 200 μm with an accuracy of ∼1/10 of its diameter to predefined positions on the substrates. To quantitatively compare the morphology of the film at different positions on the substrate, the samples were inspected by dark-field optical microscopy. As in the case of the gold nanostars in Figure 2c , the dark-field images unraveled the features and defects in the film that were chiefly responsible for the scattering. For the low threshold SILAR II sample, the most substantial scattering was provided by cracks (ridges) in the films (Figure 5a ). Film roughness also contributed to the scattered light intensity, which was observed as colored areas between the cracks. To make these observations more quantitative, the scattered light spectrum, integrated over the whole area of the image, was measured for all positions of interest on the sample under identical conditions. The spatially integrated dark-field spectra are shown in Figure 5b for the two dark-field images (rectangles POS I and POS II) shown in Figure 5a . They show stray light from two contributions: (i) from the white light illumination lamp and (ii) from the luminescence excited in the film by the lamp. The latter causes the peak at ∼630 nm wavelength, while the first is seen as the background whose intensity increases with increasing wavelength. Under laser excitation, both positions shown in Figure 5a exhibit ARTICLE random lasing, however, with substantially different laser thresholds of 22.5 and 2.7 mJ/cm 2 measured at POS II and POS I, respectively. Further positions on the sample provided threshold values between these two extremes. By spectrally integrating the dark-field spectra from 400 to 800 nm, we obained a value for the intensity that allows ordering of the obtained threshold values. The result, as shown in Figure 5c , is a systematic decrease of the laser threshold with increasing dark-field intensity. Thus, film morphologies providing intense scattering are beneficial for random lasing, whereas positions were also found where no lasing could be observed. These positions appeared rather dark in the dark-field images and were checked by AFM and exhibited minimal surface roughness of <20 nm (Figures S13). Interestingly, the random lasing behavior that we found turned out to be highly reproducible. The data in Figure S14 were taken for SILAR II, after the sample was stored for more than 1 year in air. We find a functional dependence of the laser threshold with respect to dark-field intensity that is the same as that in our initial experiments, and even the value for the threshold power, measured for high dark-field intensities (POS I), was almost identical to that measured 1 year before. Repeating the measurements several times by misaligning and aligning the excitation spot to the various positions on the samples allowed us to obtain the same results with small variations, which are expressed as error bars in Figure S14 . This high reproducibility of the data justifies also providing the laser thresholds as a function of a more quantitative parameter as is given by the integrated dark-field intensity provided in relative units. Thus, we systematically studied the surface roughness of all investigated sample positions by high-resolution scanning confocal microscopy (examples of several positions are shown in Figure S15 , providing similar images but different surface roughness ranging between ca. 50 and 750 nm). Roughly, the route mean square surface roughness scales linearly with the integrated dark-field intensity (Figures S16). Thus, the dependence of the random lasing thresholds as a function of surface roughness ( Figure S17 ) also exhibits a functional dependence analogous to the laser thresholds as a function of integrated dark-field intensity shown in Figure 5c . From Figure S17 , however, it becomes evident that, to compare results of different materials, sample positions with surface roughness larger than 600 nm should be chosen because in this range the functional dependence on roughness is rather flat and is thus insensitive to topographic details of the sample surface.
CONCLUSION
CdSe/CdS CQDs with especially thick shells are superior compared to standard core/shell CQD materials with respect to their environmental stability and due to the possibility to control the type of their band alignment. Here, three types of CdSe/CdS core/ thick-shell materials have been investigated: two samples fabricated with the SILAR technique and different shell thicknesses and one grown by a co-injection method. Under pulsed laser excitation, we observed amplified spontaneous emission and random lasing from biexcitons, enabled by scattering, which provided the required optical feedback. Externally introduced plasmonic gold nanoparticles and cracks in the films were found to act as chaotically shaped resonators, providing rather stable mode patterns. Film roughness and pits caused rather extended modes, which we observed as broad-band, rather ASE-like spectra when they were integrated over many excitation pulses. Even though the optical feedback required for lasing was random scattering, some systematics in the threshold intensities were observed: (i) for sufficiently large excitation spots, the thresholds become insensitive to spot size; and (ii) minimal thresholds are obtained for films exhibiting strong scattering. Overall, morphological properties and the volume fractions of the inorganic CQDs in the films turned out to be at least as important, or even more important, to achieve low thresholds as the CQDs' optical properties. Thus, for material selection, only lasing experiments are finally conclusive, in contrast to studies of excitonic or biexcitonic properties which ignore the possible influence of morphology. The simplicity of the random lasing experiment, performed here at room temperature and with nanosecond long excitation pulses on films deposited on planar substrates, suggests that this technique is a simple and reliable standard tool to quantitatively evaluate CQDs for lasing purposes. Such a tool would be beneficial for material selection and optimization, ARTICLE without the need for fabricating elaborate devices or performing laborious experiments. Furthermore, in nonuniform materials, such as CQD films, the random lasing also impacts the properties of conventional lasing with external optical resonators, as was evidenced in the literature for epitaxially grown structures. 64 Thus, material development for lasing purposes ; various different nanoarchitectures such as nanoplatelets, dot in rods, and nanowires are currently investigated ; could be speeded up significantly to obtain nanolasers with continuous mode operation or also with potentially electrical excitation.
METHODS
Synthesis of SILAR CdSe/CdS CQDs. CdSe core NCs were synthesized following the established procedure described in ref 65 . The precursors for the alternative injections, Cd-oleate in octadecene (ODE, 0.1 M) and S-ODE (0.1M), were prepared in advance and stored under argon. The shells of the nanocrystals were prepared according to ref 4. A 100 mL flask was loaded with 40 mg of CdSe (3.6 nm) dissolved in 1 mL of hexane, 2 mL of oleylamine, and 5 mL of ODE. The mixture was kept for 1 h under vacuum at 100°C. After being switched to argon, the Cd precursor was injected and the temperature was increased to 240°C. After 10 min, the S-precursor was injected. Every 10 min, successive injections were done to grow shells with nominal thicknesses of 8 layers (SILAR I) or 15 layers (SILAR II) of CdS. To account for the increasing diameter of NCs, the precursor volume for the first injection was 0.15 mL (0.1 M concentration), 0.76 mL for the eighth layer, and 1.32 mL for the 15th layer. After the last injection was finished, the flask was cooled and the NCs were washed with toluene and ethanol three times and finally redispersed in 1 mL of toluene.
Synthesis of Co-inject CdSe/CdS CQDs. Here, the two-step approach reported by Chen et al. 8 was used with minor modification. For the synthesis of wurtzite CdSe NCs, 30 mg (0.234 mmol) of CdO, 140 mg (0.418 mmol) of octadecylphosphonic acid (ODPA), and 1.5 g of trioctylphosphine oxide (TOPO) were mixed and degassed under Schlenk line vacuum for 1 h at 150°C. Under nitrogen flow, the mixture was heated to 320°C until a clear colorless solution formed and 0.5 mL of trioctylphosphine (TOP) was added. Then the reaction mixture was heated further to 370°C; the heating source was removed, and a TOPSe/TOP (30 mg of Se in 0.25 mL of TOP) solution was swiftly injected. After 10 min, growth the reaction was terminated by fast cooling to room temperature. The resulting CdSe NCs were washed three times with acetone/hexane, redispersed in hexane, and filtered through a 0.2 μm filter. The size and concentration of the NCs were estimated by the position and amplitude of the excitonic absorption maximum, by making use of the calibration reported in ref 66 . For growth of the CdS shell, a precursor solution of 1.56 mmol cadmium oleate in 6 mL of ODE and 81.8 μmol of hexanethiol in 6 mL of ODE was prepared and degassed. The cadmium oleate solution in ODE was prepared by heating CdO and oleic acid (1:2) in ODE up to 120°C for 1 h. Then, 100 nmol of CdSe NCs was mixed with 3 mL of ODE and 3 mL of oleylamine (OLA) and degassed for 1 h at room temperature and 15 min at 120°C. Under nitrogen flow, the reaction solution was heated to 310°C at the rate of ∼20°C/min. When the temperature reached 240°C, slow injection of precursor solutions started at the rate of 3 mL/h. After 2 h, 1 mL of oleic acid was injected and the solution was further annealed at 310°C for 1 h. The resulting NCs were washed with ethanol/ hexane, redissolved in hexane, and filtered through a 0.2 μm filter.
Synthesis of Gold Nanoparticles. The gold nanostars were synthesized by a seed-mediated growth and silver(I)-assisted synthesis method in aqueous solution using cetyltrimethyl ammonium bromide as the capping agent, similar to that reported in ref 67, but using only ascorbic acid as the reducing agent but no HCl, which results in a high yield of stars.
Film Preparation. The CQDs were deposited on glass substrates, which were cleaned by organic solvents in an ultrasonic bath and further treated by plasma cleaning and doctor blade casting (60°C substrate temperature). Prior to the deposition, a series of markers was fabricated on the substrate by optical lithography followed by sputtering of 50 nm Pt.
Amplified Spontaneous Emission Measurements. For excitation, 8 ps laser pulses from a frequency-doubled Nd:YAG laser (time bandwidth, 532 nm, 10 kHz repetition rate) were focused by a cylindrical lens to provide a stripe on the sample. The luminescence was collected via the edge of the sample and detected by an AvaSpec-2048 spectrometer.
Random Lasing Experiments. Unless stated differently in the text, the samples were excited by <1.3 ns long laser pulses from a passively Q-switched solid-state laser (CryLas GmbH, 532 nm, repetition rates of 100 and 2500 Hz were used), moderately focused to a spot of ∼200 μm diameter. The emission was collected in back-scattering geometry and detected by a grating spectrometer equipped with a CCD. Unless explicitly stated differently, spectra which were integrated over many excitation pulses are presented in the article. Spectra obtained for single excitation pulses were used to determine the mean distance AEdae. For this purpose, multiple emission spectra expressed as a function of wave vector in k space were Fourier transformed. The AEdae is calculated by integral averaging (AEdae = Int[FFT(x)*x]dx/ Int[FFT(x)]dx), and it is related to the optical mean path length AELae = PI*AEdae/n, with the refractive index of the material n.
Dark-Field Images and Spectra. The dark-field images were taken with an Olympus optical microscope, equipped with a camera and connected to a spectrometer. A white Anodisc 13 membrane disc was used as a reference, providing uniform scattering for white light.
Morphological Investigations. We have investigated the CQD layers on a Si substrate using a GISAXS setup at the Bruker Nanostar lab source to reveal the order of the CdSe/CdSÀNC superlattices. The 2D patterns were recorded using a 2D detector (Vantec 2K) slightly above the critical angle of around 0.3°. The grazing angle of about 0.5°results in a footprint on the sample of about 0.3 Â 5 mm 2 , which allows probing a rather large sample volume. By azimuthal integration of the 2D GISAXS patterns, 1D plots were obtained, where the scattered intensity is plotted over the reciprocal scattering vector Q. The data were fit by a model, included in the GIFT software package, 68 based on the aggregation of polydisperse hard spheres with a close packing up to a volume fraction of 0.64. The direct particle interactions were described by means of the analytical PercusÀ Yevick approximation. 68 Noncontact three-dimensional surface topography studies were performed by making use of a μsurf confocal microscope (NanoFocus) with a lateral/vertical resolution of 300/2 nm, respectively.
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